Background/Aims: AP-1 transcription factor plays a conserved role in the immediate response to stress. Activation of AP-1 members jun and fos is mediated by complex signaling cascades to control cell proliferation and survival. To understand the evolution of this broadlyshared pathway, we studied AP-1 regulation by MAPK signaling in a basal metazoan. Methods: Metal-stressed cnidarian Nematostella vectensis anemones were tested with kinase inhibitors and analyzed for gene expression levels and protein phosphorylation. Results: We show that in cnidarian, AP-1 is regulated differently than in bilaterian models. ERK2 and ERK5, the main MAPK drivers of AP-1 activation in Bilateria, down-regulated fos1 and jun1 transcription in anemones exposed to metal stress, whereas p38 MAPK, triggered transcription of jun1 but not fos1. Furthermore, our results reveal that GSK3-β is the main driver of the immediate stress response in Nematostella. GSK3-β triggered transcription of AP-1 and two other stress-related genes, egr1 and hsp70. Finally, phylogenetic analysis and protein characterization show that while MAPKs and GSK3-β are evolutionarily conserved, Fos and Jun proteins in Nematostella and other cnidarians lack important regulatory and phosphorylation sites found in Bilateria. Conclusion: These findings reveal alternative network interactions of conserved signaling kinases, providing insight into the evolutionary plasticity of immediate stress response mechanisms.
Introduction
Cells and organisms must respond to changes in environmental conditions in order to survive. Thus, external pressures have driven the evolution of an array of genes and signaling cascades that are rapidly induced upon exposure to extracellular stimuli. Mitogen-activated protein kinases (MAPKs), serine/threonine kinases that catalyze the phosphorylation of transcription factors, protein kinases, and many other substrates including functional proteins, play a central role in mediating cellular responses to extracellular signals [1, 2] . An
Metal and kinase inhibitor treatments
Experiments were carried out in triplicates, each containing five sea anemones aged 2-4 months. Anemones were exposed to HgCl 2 at a concentration of 200 µg/L (0.74 µM) in 10 ml medium for 1, 6 and 24 h and compared to control untreated anemones. The kinase inhibitors were reported to display high sequence specificity and are widely used in different organisms including, to some extent, in Nematostella [26, [30] [31] [32] [33] ; however, their specificity in Nematostella has not yet been established. Kinase inhibitors dissolved in DMSO or only DMSO (control) were added two hours before the introduction of Hg. GSK3-β inhibitor alsterpaullone (ALP) (Sigma-Aldrich) was used at 5 μM concentration. ERK1/2 inhibitor U0126 (Tocris Bioscience), ERK5 inhibitor XMD 8-92 (Santa Cruz), and p38 inhibitor SB203580 (Cayman chemicals) were used at 10 μM concentration.
RNA extraction and qPCR
RNA was extracted from Hg-treated and untreated anemones using Tri-reagent (Sigma-Aldrich) and purified as described previously [25] . qPCR was performed using the StepOnePlus Real-Time PCR System (Applied Biosystems) and β-actin was used as an internal control as described previously [25] . For primers and GenBank accession numbers, (for all online suppl. material, see www.karger.com/doi/10.1159/ 000478678) see Table S1 . Results are presented as the means and standard error (SE) of at least three biological replicates. Statistical analysis, comparing treatment to control or between two treatments, was performed using t-test (one sample t-test or independent t-test) by SPSS v.21 software.
Western blot analysis
Experiments were carried out in three biological replicates. Total proteins from each group of three to five treated or control anemones were extracted in RIPA buffer (10 mM Tris (pH 7.0), 2 mM EDTA (pH 8.0), 0.5% NP-40, 0.05% deoxycholic acid) freshly supplemented with 1 mM PMSF protease inhibitor and phosphatase inhibitors cocktail containing 10 mM sodium fluoride, 10 mM β-glycerol phosphate,10 mM tetrasodium pyrophosphate (Na4P2O7) and 1 mM sodium orthovanadate (Na3O4V). Samples were boiled and separated on 12% SDS PAGE and transferred onto nitrocellulose membranes. For immunoblotting, membranes were blocked for 60 min with 5% dry milk in TBS/0.1% Tween and probed with antibodies at 4°C overnight. Primary antibodies used were: antiphospho-ERK1/2 1:2000 (#4370, Cell Signaling Technology), anti-ERK1/2 1:30000 (M5670, Sigma-Aldrich), antiphospho-p38 1:1000 (#9211, Cell Signaling Technology), anti-Actin 1:1000 (sc-1615, Santa Cruz). Secondary antibodies were bovine antigoat-HRP 1:10000 and goat anti-rabbit-HRP 1:10000 (Jackson Immunoresearch). Reaction was performed in ECL solution (Advansta Corporation) and bands were visualized using ImageQuant LAS 4000. Western blot antibodies were stripped in 0.1 M glycine (pH 2.5) and incubated with an antibody against actin or ERK1/2.
Phylogenetic Analysis
Multiple sequence alignment based on protein sequences was performed with MAFFT alignment software (version 7.3) [34] , using either single domain (E-INS-i) or multiple domain (L-INS-i) alignment strategies, followed by alignment assessment using DAMBE (version 5) [35] . Phylogenetic analysis was performed using MrBayes software [36] by running two independent chains of four threads each, using mixed amino acid model with gamma distribution with or without a proportion of invariant sites. Analyses were run for 5 million generations, sampling each 100 generations, for standard deviation of <0.01. Tree quality, i.e. coalescence and effective sample sizes, was assessed using Tracer 1.6 [37] (http://beast.bio. ed.ac.uk/Tracer). The first 20000 trees were burned, and the choice between gamma and invgamma distribution models was made based on the Tracer analysis. FigTree software (version 1.4.2) was used for visualization of the trees. GenBank accession numbers of the analyzed proteins are provided in (see supplementary material) Table S2 .
Results
Nematostella AP-1 subunits are up-regulated by metal stress and contain partially conserved phosphorylation sites To study AP-1 activation by metal signal transduction, we initially searched for AP-1 homolog genes in the Nematostella genome. Two homologs of the Fos family: fos1 and fos2 and three homologs of the Jun family: jun1, jun2 and jun3 were found. qPCR analysis showed that only fos1 and jun1 transcripts are highly up-regulated in response to Hg. Elevation in both gene transcripts appeared as early as 1h after exposure and transcript levels decreased after 6h and 24h (Fig. 1) . Protein structure analysis showed that Jun proteins were relatively conserved in Nematostella, containing known phosphorylation sites and trans-activating domains of Bilateria (Fig. 2) , with the exception of GSK3-β phosphorylation sites. Specifically, Jun1 contained only one of three known human GSK3-β regulatory sites; however, the Ser 243 (human c-Jun index), which is essential for phosphorylation of all three GSK3-β sites, was missing from all tested cnidarians [4, [38] [39] [40] (Fig. 2) . Nematostella Fos proteins were found to be shorter and were missing the Bilateria regulatory C-terminal end, including two trans-activating domains known as homology box 1 and 2 (HOB1 and HOB2) and a docking site for ERK (DEF domain) (Fig. 2) [4] . Analysis of Fos in other cnidarian species representing three different classes, namely Aurelia aurita (Scyphozoa), Hydra vulgaris (Hydrozoa) and Acropora digitifera (Anthozoa), revealed similarly shorter sequences (Fig. 2) .
To examine the evolutionary relationships between Jun and Fos proteins in Nematostella and in known bilaterians, we constructed a phylogenetic tree. The results reveal the monophyly of the bilaterian and cnidarian sequences (Fig. 3) . This monophyly suggests that the split between Bilateria and Cnidaria occurred prior to the neofunctionalization of jun and fos genes as currently evident in Bilateria, especially regarding the acquisition of domains in Bilateria Fos proteins that are absent in Cnidaria. However, we observed that the Jun and Fos subfamilies within Cnidaria display polyphyly, suggesting that they diverged after the main clades of Cnidaria had split. Table S2 .
Altogether, these results suggest that cnidarian AP-1 proteins lack part of the most conserved regulatory domains of Bilateria, thus raising the question of how Fos and Jun are regulated in cnidarians. Given the observed up-regulation of fos1 and jun1 during metal stress, we continued our analysis of AP-1 regulation in Nematostella using these transcripts.
p38 up-regulates jun1 but not fos1
In Bilateria, p38 signaling pathway is known to be stimulated by external or cellular stress and to induce AP-1 transcription [4] . Therefore, we asked if this MAPK has a similar effect in Nematostella. Since Nematostella MAPKs have not yet been fully characterized, we first searched for p38 homologs. In human, p38 MAPK family consists of four proteins, namely p38α/β/ɣ/δ. Yet, analysis showed that Nematostella has only one p38 homolog most resembling p38α (67% protein identity with human), which is the main p38 MAPK in mammalians where it is expressed ubiquitously [41] . In addition, Nematostella p38 possessed the conserved double-phosphorylation TGY motif, which is required for its activation [42, 43] .
Next, we asked if the p38 signaling cascade is activated when the anemones are exposed to Hg stress. Immunoblotting using a phospo-p38 cross-reactivity antibody revealed that Nematostella p38 is indeed phosphorylated in response to metal stress, whereas in untreated control anemone p38 is not phosphorylated (Fig. 4A) . To determine whether p38 takes part in AP-1 activation, the anemones were exposed to Hg in the presence or absence of the p38-specific kinase inhibitor SB203580, which blocks p38 activity by preventing phosphorylation of its downstream targets [44] . qPCR results showed that in the presence of Hg, fos1 transcript levels were not affected by inhibition of p38 activity (Fig. 4B) . In contrast, inhibiting p38 kinase activity resulted in a significant reduction of jun1 transcript levels 1h and 6h after Hg treatment (Fig. 4C) . In untreated control anemones, SB203580 had no effect on AP-1 transcription. Although the downstream target phosphorylated by p38 is still unknown, these data demonstrate that the metal stress triggers p38 phosphorylation that, in turn, promotes transcriptional activation of jun1, but not fos1. Therefore, we suggest that in Nematostella p38 signaling cascade regulates AP-1 component jun1.
ERK signaling pathways down-regulate AP-1 transcription
Because ERK1/2 and ERK5 are among the most established drivers of fos activation in Bilateria [4, 45, 46] , we proceeded to examine the evolutionary conservation of their role. Protein analysis revealed that ERK2 and ERK5 Nematostella homologs possess the conserved 4 . The effect of p38 on AP-1 expression. (A) Anemones were exposed to Hg for 1h, 6h and 24h and protein extracts were subjected to immunoblot analysis using antibodies against phospho-p38 and β-actin. Data are representative of three independent experiments. (B, C) qPCR analysis of fos1 (B) and jun1 (C) in anemones that were exposed to Hg in the presence or absence of 10 µM of p38 inhibitor SB203580; at 1h, a control anemone treated only with SB203580 is shown. Results (n ≥ 3) are presented as the average fold change ± SE. Asterisks indicate statistically significant differences from Hg-treated anemones (P <0.05).
Cell Physiol
TEY phosphorylation activation motif and the common putative docking domains of MEK [47] , demonstrating structural similarity to Bilateria. However, we found only one homolog of ERK1/2 in Nematostella, most resembling ERK2 (80.7% protein identity). To directly test the role of ERK2 and ERK5 signaling cascades in Hg-treated anemone we used the MEK1/2-specific inhibitor U0126, which was shown to inhibit ERK1/2 phosphorylation and activation in Nematostella [30, 31] , the ERK5 inhibitor XMD 8-92 [48] , or a combination of the two. Results showed that Hg induces Nematostella ERK2 phosphorylation and that U0126 completely inhibits ERK2 phosphorylation (Fig. 5A) . Although we could not demonstrate ERK5 protein phosphorylation due to the lack of specific phospo-ERK5 antibodies, ERK5 inhibitor did not inhibit ERK2 phosphorylation in the presence of Hg (Fig. 5B) . Moreover, ERK2 and 5 inhibitors did not prevent p38 phosphorylation and p38 inhibitor did not prevent ERK2 phosphorylation, suggesting that these two pathways are independent of one another (see supplementary material, Fig. S1 ). Next, we examined the levels of AP-1 genes in the presence of the inhibitors. Surprisingly, qPCR results showed more elevated transcription of fos1 and jun1 in the presence of either ERK1/2 or ERK5 inhibitors in Hg-treated anemone compared to anemone treated only with Hg ( Fig. 5C and D) . fos1 transcript level increased rapidly within 1h in the presence of U0126 and to a lesser extent in the presence of XMD 8-92. jun1 transcript level increased rapidly in the presence of XMD 8-92, whereas an effect of U0126 was demonstrated only after 6h. However, when both inhibitors were used, an additive effect was observed after 1h and after 6h, a synergistic effect was demonstrated by further elevation in fos1 transcript level. Interestingly, without the addition of Hg, the two inhibitors also caused substantial increase in fos1 and jun1 transcripts as compared to DMSO-treated control anemones; specifically, U0126 had a greater effect on fos1 and XMD 8-92 on jun1.
Together, these results indicate that the ERK5 inhibitor has no cross-reaction with ERK2 and that although Hg triggers ERK2 phosphorylation in Nematostella, both ERK2 and ERK5 signaling pathways induce transcriptional repression of AP-1, which is the opposite of their function in Bilateria. Table S2 .
Phylogenetic analysis of MAPKs
The above results suggested that the MAPK cascade operates differently in Cnidaria. In order to reconstruct the evolution of the MAPK family and to examine MAPK protein conservation, we performed a phylogenetic analysis. We used a Bayesian inference tree based on protein sequences from Bilateria, Nematostella and representatives of three other cnidarians classes, as well as three basal groups including Porifera, Placozoa and Ctenophora (Fig. 6) . Analysis revealed seven well-supported clades of the MAPK subfamilies ERKs, p38 and JNK, which were divided according to different functional families of MAPK proteins and not by phyletic association to Bilateria or Cnidaria. Interestingly, all Cnidaria species examined as well as the three other basal organisms exhibited only ERK2, one subunit of p38 and one type of JNK (Fig 6B) . In addition, ERK4 and ERK6 were absent from Cnidaria and the three basal organisms indicating that these MAPKs evolved after the Cnidaria-Bilateria split. These results strengthen the structural and functional conservation of the cnidarian MAPKs and their ancient origin.
GSK3-β signaling pathways activate AP-1 transcription independently of ERKs
Searching for a positive transcriptional regulator of AP-1 we tested GSK3-β, which is known to interact with the Ras/Raf/ERK pathway [49] . Nematostella GSK3-β contained the conserved phosphorylation sites known in Bilateria [6, 50] and its inhibitor alsterpaullone (ALP) is commonly used in Cnidaria, including in Nematostella [32, 33] . Using ALP in the presence of Hg caused a reduction in fos1 and jun1 transcript levels after 1h, suggesting that GSK3-β is an activator of AP-1 transcription in Nematostella (Fig. 7A and B) . In control Fig. 7 . The effect of GSK3-β on AP-1. (A, B) qPCR analysis of fos1 (A) and jun1 (B) in anemones that were exposed to Hg for 1,6, and 24h in the presence or absence of 5 µM of GSK3-β inhibitor ALP and in control ALP-treated anemone. (C) Immunoblot of anemone extracts after 1h exposure to Hg with or without GSK3-β inhibitor ALP using antibodies to phospho-ERK1/2, ERK1/2 and β-actin. Data are representative of three independent experiments. (D-G) qPCR analysis of fos1 (D), jun1 (E), hsp70 (F) and egr1 (G) after 1h in Hg-treated or untreated anemones in the presence or absence of GSK3-β, ERK1/2 and ERK5 inhibitors or in combination of the inhibitors. Results (n ≥ 3) are presented as the average fold change ± SE. Asterisks indicate statistically significant differences of Hg-inhibitor-treated anemone to Hg-treated anemones, or between ERKs inhibitors-treated anemones in the presence or absence of GSK3-β inhibitor (P <0.05). untreated anemones, ALP had no effect on AP-1 transcription. We also demonstrate that GSK3-β has no effect on ERK2 activation, as ALP did not affect ERK2 phosphorylation (Fig.  7C) . Additionally, ALP did not affect p38 phosphorylation (see supplementary material, Fig.  S1 ). These results indicate that GSK3-β signaling cascade has a positive activating function on AP-1 transcription in Nematostella, whereas in Bilateria, GSK3-β is a negative regulator of c-Jun in unstimulated cells and its inhibitory affect is released upon stress stimulation.
Next, to determine whether GSK3-β operates under ERK cascade, we exposed anemones to Hg combined with ALP, U0126 or XMD 8-92, or with different combinations of the three inhibitors. Comparison between treatments with ERK inhibitors with or without ALP ( Fig.  7D and E) clearly showed that the addition of ALP diminished the increase of both fos1 and jun1 caused by ERK inhibitors; however, in the presence of U0126 the levels of fos1 were still higher than upon ALP inhibition alone. Together, these results suggest that GSK3-β triggers transcription of the AP-1 genes and that it operates through a parallel pathway to ERK2.
Regulation of stress-related genes by GSK3-β and ERKs
To discover if Hg-exposure regulates additional stress-related genes in addition to AP1 we tested the transcription factor egr1, which belong to the immediate-early genes family, and the heat shock protein 70 (hsp70), a known stress response gene. qPCR analysis of early expression (1h) of egr1 and hsp70 showed that both transcripts were up-regulated in the presence of Hg. The addition of ERKs or GSK3-β inhibitors showed that upon metal exposure, both genes were down-regulated by GSK3-β inhibition ( Fig. 7F and G) . However, ERK inhibitors had different effects on the two genes. Whereas egr1 transcript levels were not affected by these inhibitors, hsp70 was regulated more similarly to AP-1 genes with a relatively high transcript expression in the presence of U0126. We conclude that GSK3-β plays a major role in mediating metal stress response by rapidly activating members of the immediate-early family and other stress-related genes.
Discussion
AP-1 is an important transcription factor controlling cell proliferation, survival and death [4, 5, 10] . In Bilateria, AP-1 activity requires protein dimer interactions, as well as specific DNA binding sites, transactivation domains and regulatory phosphorylation sites [4, 9] . We show that in Nematostella and other organisms that represent the three major Cnidaria classes Anthozoa, Hydrozoa and Scyphozoa, and in in Porifera, Fos proteins are relatively short and lack the HOB transactivation domains, ERK docking site and conserved c-Fos regulatory phosphorylation sites. Furthermore, Fos homolog is completely missing from the Placozoa genome [51] . Yet, the interaction between Fos and Jun proteins was suggested to have existed already in the Eumetazoan ancestor [52, 53] . AP-1 induction by ERK involves both transcriptional and post-translational activation. Yet, ERK was found to affect fos1 transcription despite the lack of Fos regulatory C terminal end. This may suggest that in Cnidaria, Fos has additional ERK activation sites yet to be discovered, or that AP-1 transcriptional regulation relies on activation of AP-1 complex by the conserved phosphorylation and transactivation domains of Jun proteins [39] . Cnidaria has also evolved Fos and Jun protein sub-families, which may provide additional dimerization combinations and possibly complex gene regulation [51, 53] ; however, their specific roles remain to be determined.
In Bilateria, AP-1 is regulated by MAPK signaling cascade that is triggered by external stimuli [4] . In Cnidaria, AP-1 was suggested to mediate stress responses such as upon elevation in seawater temperature and injury as well as exposure to heavy metals, which we previously showed to affect fos transcript [25, 26, 28, 54] . Here, we show the involvement of MAPKs in the regulation of AP-1 transcripts fos1 and jun1 in the presence of Hg. Our phylogenetic analysis shows that the seven subclasses of the MAPK family in Cnidaria are highly conserved, though ERK1 was found to be missing from Nematostella and all other examined cnidarians. In addition, ERK1 was also missing from the other tested basal organisms Placozoa, Porifera and Ctenophore. Therefore, it is likely that ERK2 is the ancient form and ERK1 evolved after the Cnidaria-Bilateria split by gene duplication. Single-celled organisms such as yeast and amoeba slime molds also have ERK homologs, yet they consist a separate group [42] . In mammalians, the functions of ERK1 and ERK2 were shown to be similar, though distinctive functions at specific cells or life stages may exist [2] .
Our findings demonstrate that Hg triggers MAPK signaling cascade, yet the downstream cascade is different than what is known in Bilateria (Fig. 8) . Upon Hg exposure, p38 signaling cascade triggered the transcription of jun1 but not fos1. This is a surprising result, because p38 was shown to up-regulate c-fos in Bilateria following exposure to heavy metals and other stressors [4, 5, 55] .
ERK2 and ERK5 are important activators of AP-1 in Bilateria. We show that Nematostella ERKs contain conserved phosphorylation sites and MEK docking sites as in Bilateria [47] and that Nematostella ERK2 has high similarity to human ERK2. However, although we found that ERK2 was phosphorylated in the presence of Hg, inhibition of ERK2 activation and also of ERK5 induced rapid increase in fos1 and jun1 transcription. In a recent wound healing study in Nematostella, it was also shown that U0126 triggered fos1 transcription upon injury [26] . These results indicate that ERK2 and ERK5 down-regulate AP-1 transcription during stress. We suggest that once ERK is phosphorylated, the signaling cascade acts as a negative feedback control mechanism decreasing fos1 and jun1 transcription to basal levels (Fig. 8) .
In line with these results, we also found that in non-treated anemones, ERKs were involved in a constitutive inhibition of AP-1. Since Fos1 has no docking site for ERK, this effect may be mediated by an unknown protein either by inhibition of a strong activator of fos1 or by activation of fos1 inhibitor.
Another key regulator of AP-1 is GSK3-β, a multifunctional kinase that takes part in various cellular processes [6, 56] . In mammals, GSK3-β is a negative regulator of AP-1 acting through constitutive inhibitory phosphorylation of c-Jun, which reduces its DNA binding capability and stability [49, 57] . GSK3-β may also affect AP-1 transcription by mutual inhibition with ERK [49] ; however in stress conditions GSK3-β is inactivated in mammals promoting AP-1 transcription. Our results reveal a different effect, as inhibition of Fig. 8 . Proposed model for AP-1 regulation under stress in Cnidaria in comparison to Bilateria. The immediate response to external stress is mediated by AP-1, which subsequently modifies processes such as cell proliferation and survival. In both Cnidaria and Bilateria, metal stress affects p38, ERK and GSK3-β signaling cascades; yet, the network wiring differs greatly. In Cnidaria, GSK3-β serves as a positive regulator of both AP-1 subunits fos1 and jun1, whereas p38 triggers up-regulation of only jun1. ERK signaling cascades serve as a negative feedback control mechanism, causing down-regulation of fos1 and jun1 transcription. In comparison, in Bilateria stress triggers p38 and ERK signaling cascades, which in return activate transcription of both jun and fos. However, GSK3-β signaling is inhibited, releasing Jun protein from the constitutive inhibitory effect (dash line) of this pathway during rest.
